Among 58 isoniazid-sensitive strains of Mycobacteriurn tuberculosis from India, Burma and East Africa, 23 were of phage type A, 31 of type T (intermediate), 4 of type B and none of Vol. 107, No. 2, was issued 24 August 1978 1-2
type C. Type 1 strains differed from type A strains in being attenuated in the guinea-pig, susceptible to H 202, sensitive to thiophen-2-carboxylic acid hydrazide and resistant to thiacetazone and p-aminosalicylic acid; the content of strongly acidic lipids and of sulphatide lipids was low and the attenuation indicator lipid was present. The pattern of results with the type B strains did not correspond to the patterns for types A or I. Strains of type I appear to be a distinct group within the species M . tuberculosis.
I N T R O D U C T I O N
Strains of Mycobacterium tuberculosis that are attenuated in the guinea-pig have been encountered frequently in India (Dhayagude & Shah, 1948 ; Frimodt-Moller et al., 1956; and less frequently in nearby countries such as Thailand (Bhatia et al., 1963) , Burma and East Africa (Mitchison, 1970) . Early studies showed that attenuation in these isoniazid-sensitive strains was associated with increased susceptibility to the bactericidal activity of hydrogen peroxide (Nair et al., 1964) and with the presence within the strain of an unusually high proportion of organisms resistant to p-aminosalicylic acid (PAS) (Joseph et al., 1964) . Attenuated strains also tended to be resistant to thiacetazone, though this property was shared by virulent strains from Hong Kong (Joseph et al., 1964; Mitchison, 1970) . More recently, Goren et al. (1974a,b) examined lipids of strains from India, Burma and East Africa; they found that attenuation in the guinea-pig was associated with a low content of strongly acidic lipids (SAL) and sulphatides (SL) and, even more strongly, with the presence of lipid characterized as the 0-methyl ether of the aglycone moiety of mycosides A and B and named the 'attenuation indicator' (AI). The clear association of A1 with attenuation and of its absence with virulence supports the earlier suggestion, arising from the distributions of virulence and hydrogen peroxide susceptibility of Indian strains (Nair et al., 1964) , that there are two distinct populations, one of virulent and the other of attenuated strains. 
J. M. G R A N G E A N D O T H E R S
Bacteriophage typing of M . tuberculosis has shown that there are large differences in the distributions of phage types between strains from Britain and India (Bates & Mitchison, 1969) . In both countries about half of the strains are type A, but the remainder are mainly type B in Britain and 'intermediate' (type I) in India. Strains from Asian immigrants to Britain were found to retain the phage pattern characteristic of the strains from India (Grange et al., 1976; Grange et al., 1977) . Recently, significant associations were found among strains from Asian immigrants between phage type I, high susceptibility to hydrogen peroxide and increased sensitivity to thiophen-2-carboxylic acid hydrazide (TCH) (Grange et al., 1977) . In view of the known correlation between peroxide susceptibility and virulence, an association would also be expected between phage type and virulence. To investigate this point further, the sample of strains studied for their lipid content by Goren et al. (1974a,b) were phage-typed. Data for these strains were available, or have been obtained, with respect to their virulence in the guinea-pig and all of the other characteristics that have been associated with attenuation.
M E T H O D S
Bacterial strains. The 58 strains of M. tuberculosis studied consisted of 10 of the 12 Indian and British strains described by Mitchison et al. (1963) (numbers 78459 and 78973 were not available) and 48 from Burma, India and East Africa (Mitchison, 1970) . All strains were isolated from previously untreated patients with pulmonary tuberculosis, were sensitive to isoniazid and streptomycin and produced nicotinic acid (niacin). After a few initial subcultivations on Lowenstein-Jensen medium (Cruickshank et al., 1975) they were stored for about 1 year at -20 "C, subsequently at between -196 and -130 "C and eventually grown on Lowenstein-Jensen medium for testing.
Bacteriophage typing. The techniques have been described previously (Grange et al., 1976) . Six phages were used: DS6A, BGl, GS4E (Redmond et al., 1963) , BK1 (Baess, 1966) , PH (Sushida & Hirano, 1972) land D34 (Froman et al., 1954) . All incubations were at 35 "C.
Virulence tests. Virulence was measured in groups of three or six Dunkin Hartley guinea-pigs per strain, infected with 1 mg (moist weight) bacteria by the intramuscular route. The progress of the disease was assessed at 6 weeks as the 'root-index of virulence' (RIV) Mitchison et al., 1961) .
Hydrogen peroxide susceptibility tests. Susceptibility to H,O, was expressed as the percentage of colony forming units (c.f.u.) surviving exposure to 0.02 % (w/v) H,O, in 0.067 M-phosphate buffer, pH 7, at 37 "C for 90 min (Subbaiah et al., 1960) . Sensitivity to thincetazone, PAS aiid TCH. Sensitivity tests were done on Lowenstein-Jensen medium slopes and were read after 4 weeks incubation at 37 "C. Thiacetazone sensitivity was measured as the minimal concentration on which grew a number of colonies less than 0-1 % of the colony forming units on drug-free medium (0.1 % MIC) (Mitchison, 1970) . PAS sensitivity was measured as the number of colonies on slopes containing 4,ug Na-PAS ml-l after seeding with an inoculum (0.05 mg moist weight bacteria) five times arger than usual, for the reasons given by Joseph et al. (1964) . TCH in concentrations increasing in twofold steps from 0.25 to 32 ,ug ml-l was incorporated in Lowenstein-Jensen medium and the slopes were inoculated and read as described in part I1 of Canetti et al. (1969) .
Lipid analysis. Techniques for the estimation of total neutral red activity (NRA) and for the neutral red activity of SAL and SL have been described previously (Middlebrook et al., 1959; Goren, 1970; Goren et nl., 1974~) . The A1 lipid was detected according to Goren et nl. (19746) .
R E S U L T S
The 58 strains of M. tuberculosis were divisible into three major phage types A, I and B. The 23 type A strains were lysed by phage DS6A only at routine test dilution (RTD). The 31 type I strains were lysed by phage DS6A at RTD and by BG1, PH and GS4E at RTD or 10 RTD, while the 4 type B strains were lysed by all phages except D34. No type C strains (additionally lysed by D34) were found.
The distributions of the root-indices of virulence (RIV) in the guinea-pig and of the proportion of the bacterial population that survived exposure to H,O, obtained among the strains of phage types A and I are set out in Fig. 1 . As in a previous study (Mitchison, 1970) , a strain with an RIV of less than 1.0 was attenuated. High virulence was found in 20 of 23 phage type A strains, while 29 of 31 type I strains were attenuated. Strains with less than (0) and 1 ( 0 ) . Guinea-pigs were infected intramuscularly with 1 mg moist weight of bacteria and the disease was allowed to progress for 6 weeks, when the macroscopic disease in the organs was expressed as the root-index of virulence. Cultures in Tween-albumin medium were exposed to 0-02 % (w/v) H 2 0 2 for 90 min and the surviving colony forming units were expressed as a percentage relative to unexposed cultures. Table 1 . The MIC that distinguished best between the resistant type A strains and the relatively sensitive type I strains was 8 ,ug ml-l or more. Lipid analyses were done on 39 of the 58 strains. The distributions of the contents of strongly acidic lipid (SAL) and sulphatide lipid (SL) in the strains of the phage types A and I are shown in Table 2 . For both SAL and SL, a lipid content of 4 NRA units (g bacteria)-l distinguished efficiently between the high content usually found in type A strains and the low content of type I strains.
The associations between the phage types and the characteristics of the strains are summarized in Table 3 . Phage type A strains were usually of high virulence in the guineapig, resistant to H,O,, resistant to TCH, sensitive to thiacetazone and to PAS and had high contents of SAL and SL; the attenuation indicator (AI) lipid was absent. In contrast, phage type I strains were attenuated, susceptible to H2O2, sensitive to TCH, resistant to thiacetazone and to PAS and had low contents of SAL and SL, while the A1 lipid was present. The separation of type A and type I strains was achieved most efficiently by the presence of A1 lipid, and the contents of SAL and SL, but least efficiently by sensitivity to PAS and to thiacetazone. The characteristics of the four type B strains appeared to be intermediate Phage typing of Mycobacteriunz tuberculosis 5 between types A and I ( Table 4 ). The results on individual strains with discrepant findings which did not fit into the expected patterns of response for phage type A and I in one or more of the four best associations (AI, SAL, SL and virulence) are also listed in Table 4 . For instance, the three phage type A strains with an RIV of < 1.0 and the two phage type I strains with an RIV of 1.0 or more were considered to have discrepant results. It is evident that three strains, two of phage type A (6835, 7024) and one of type I (6784) have at least three discrepant results each and therefore appear to show a consistent pattern differing from the remaining strains of their phage type. In the remaining type A or type T strains, eight had only one discrepant result and one had discrepant estimates of the related SAL and SL contents, suggesting that some of the discrepancies might have been due to technical variation in the tests.
D I S C U S S I O N
Strains of M . tuberculosis belonging to phage type I were found to differ from type A strains in a number of characteristics ( Table 3) . The association between phage type and these characteristics was strong for content of the three lipids and for sensitivity to TCH, weaker for H 2 0 2 susceptibility and weaker still for sensitivity to thiacetazone and PAS. Some of the deviations from the expected pattern of findings might have been due to experimental variation, but there also appeared to be a few strains which were consistent in having several discrepant results.
One explanation for these associations is that there might be a causal relationship between one or more of the characteristics measured. The possible role of lipids, including SAL, SL and AT, as mediators of virulence has been discussed by Goren et a.1. (1974a,b) . They suggested that SL might contribute to the pathogenicity of M . tuberculosis, a supposition supported by the activity of SL in preventing phagosome-lysosome fusion (Goren et al., 1976) and its ability to potentiate the toxic effects of cord factor on mitochondria (Kato & Goren, 1974) . However, of the four phage type B strains in the present study, two were of high virulence in the guinea-pig and yet had low contents of SAL and SL. There is also presumptive evidence for a causal relationship between H 2 0 2 susceptibility and virulence in view not only of the association between them among the isoniazid-sensitive strains in the present study, but also because the attenuation that accompanies the emergence of isoniazid resistance in any strain is associated with increased susceptibility to H,02 (Coleman & Middlebrook, 1956; Subbaiah et al., 1960) . However, not all attenuated strains are susceptible to H 2 0 2 (Jackett et al., 1978) . Indeed, there is likely to be more than one determinant of virulence in view of the difference in biological characteristics between strains in which attenuation is associated with H 2 0 2 susceptibility (see Mitchison et al., 1963) and those in which it arises as a result of subcultivation in vitro (e.g. BCG, H37Ra). Finally, there is the possibility, for which there is as yet no direct evidence, that lysogenization or transduction might have provided the genetic determinants both for attenuation and for A1 synthesis (Goren et al., 1974b) , thus linking phage type with several other characteristics.
An alternative explanation for some or all of the associations is that they are the result of parallel evolution among organisms that have been widely separated geographically over very long periods of time (Mitchison, 1970) . The geographical distribution of phage types is most uneven (Bates & Mitchison, 1969 ; Seventh Symposium on Phage Typing of Mycobacteria, 1975; Grange et al., 1977) . Type I is common in India (with type A) but rare elsewhere. Type A predominates in West Africa, Central Africa, Uganda, Japan and Hong Kong. Types A and B are common in Europe and North America. This geographical variation suggests that the major phage types form distinct groups within M . tuberculosis rather than minor mutational variants. Clavel & Clement (1977) have shown that phage types are very stable, the mutation rate to resistance to a single phage being less than 1-3 x per cell division. Attenuation might be an adaptation of the organism (parasite) to a lowered susceptibility of the human host population (Ramachandran et al., 1961) and the lipid content of different phage types might be causally unrelated. At present, phage typing and other in vitro-characteristics offer useful epidemiological aids as well as a greater insight into the significance of variation within this mycobacterial species. The ultimate analysis of the mechanisms of pathogenicity may have to wait for the development of techniques for genetic analysis of the slow-growing mycobacteria which, at present, are virtually non-existent.
